Analytical and experimental study of turbulent methane-fired backmixed combustion A note should be made of the discrepancies in the temperature and velocity profiles at $=135°. Because of the relatively high angle of attack, the flow beyond about <t > = 120° is subject to adverse pressure gradient, which eventually leads to separation defined by zero shear stress component normal to the generator. Although our calculations with either procedure predict separation at about 0=161°, close to the measured value of </>=159°, the measured boundary layer shows a more rapid thickening than is predicted by calculations. This can be traced to vortex formation, in which case the ordinary boundary-layer equations are no longer valid anyway.
angles <t > = 0 and 45° (Figs, la, Ib), however, there is very little difference between the computed results obtained by either procedure; as <t > increases, so does the difference as shown in Figs. Icand Id.
A note should be made of the discrepancies in the temperature and velocity profiles at $=135°. Because of the relatively high angle of attack, the flow beyond about <t > = 120° is subject to adverse pressure gradient, which eventually leads to separation defined by zero shear stress component normal to the generator. Although our calculations with either procedure predict separation at about 0=161°, close to the measured value of </>=159°, the measured boundary layer shows a more rapid thickening than is predicted by calculations. This can be traced to vortex formation, in which case the ordinary boundary-layer equations are no longer valid anyway.
In summary we conclude that the similarity variable proposed by Bradshaw for turbulent flows over tapered wings is also applicable to the calculation of high Reynolds number turbulent boundary layer on cones at incidence with local similarity assumptions.
Although the improvements obtained by the "new" procedure may seem small in comparison with the empiricism contained in eddy-viscosity laws and viscous/inviscid interaction effects, they are nevertheless encouraging that the local similarity will work for other similar shapes as well. In principle, the procedure is strictly applicable to conical bodies with arbitrary cross-section provided that the radial pressure gradient is very small.
The computer time (CPU) for the present case with 1894 net points in the cross-flow plane was 7.86 sec (0.0042 sec/net point) on an IBM 370/165 computer.
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I. Introduction
T HE present results are from a continuing investigation designed to improve the prediction of reacting, recirculating flows and to clarify the mechanisms of pollutant formation in continuous combustion systems. The combustor configuration is a 51mm diameter axisymmetric duct containing an aerodynamic (opposed-jet) flameholder as shown in Fig. 1 . The opposing, high-velocity jet stream serves to stabilize the flame by backmixing hot combustion products with fresh reactants (premixed methane/air).
The analytical model of the opposed-jet combustor (OJC) flowfield is founded on extended versions of the PISTEP method of Gosman et al. * The numerical procedure solves simultaneously the governing elliptic partial differential conservation equations with the corresponding dependent variables as follows: conservation of mass-stream function, \fr; conservation of momentum-vorticity, o>/r, conservation of energy-enthalpy, h\ species continuity-mass fraction, rrij. A simplified effective viscosity model for turbulent momentum transport is adopted for the present investigation ! :
(1)
Exchange coefficients for turbulent energy and mass transport are related to /x e ff by effective Prandtl and Schmidt numbers. The OJC geometry was initially incorporated into the computational procedure by Samuelsen and Starkman for an ammonia/air fired system. 2 A numerical solution for the methane/air system including the formation of the pollutant species CO and NO was later incorporated. 3 The present study compares the numerical prediction of local flowfield properties for the methane/air system with experimentally determined values.
II. Approach Cold Flow
Consideration of cold flow conditions enables a preliminary evaluation of the transport models incorporated into the numerical procedure. The cold flow solution is ob- tained by numerically solving the governing equations for the two dependent variables ^,o>. The predicted spatial distributions of the time-average (mean) velocity are available for comparison to the experimental measurements. Pitot tube data for cold flow velocity are used as a reference base for evaluating the system hydrodynamics and the associated models of turbulence.
The effective mass exchange model is evaluated by considering an isothermal flowfield with a nonuniform concentration. The nonuniform concentration is established by introduction of a tracer into the jet. Spatial distributions of tracer concentrations are predicted numerically by solving an additional species conservation equation containing the appropriate mass exchange coefficient. Experimentally, a carbon monoxide (CO) tracer is introduced through the opposed-jet. Local CO concentrations are measured by NDIR analysis of gas samples extracted by conventional probing.
Reacting Flow
Calculated distributions of temperature and species mass fraction are compared to experimental results to assess the coupled models of turbulence and kinetics for the condition of reacting flow. The chemistry model incorporates kinetic mechanisms for methane, carbon monoxide, and nitric oxide.
A two-step quasi-global reaction mechanism is adopted for the methane oxidation An initial solution for the reacting flowfield was obtained using published reaction rates that were later refined to more closely resemble the experimental data.
A detailed description of the numerical formulation of the reaction rate expressions may be found elsewhere. 3 The dependent variables for the hydrocarbon system include vorticity, w/r, streamfunction, t/% methane mass fraction, w CH4 , carbon dioxide mass fraction, m c02 , and enthalpy, h. Distributions of other major species H 2 O, CO and O 2 are related to ra CH4 and m c02 via elemental mass conservation.
Additional calculations were conducted to predict formation of the pollutant species, nitric oxide (NO). Nitrogen oxide kinetics were based on the familiar Zeldovich Noting that reaction (4) is the rate limiting step simplifies the overall reaction rate to:
R/R,
Fig. 2 Cold flow velocity profiles (•experimental; -predicted).
The O-atom concentration in Eq. (6) was first calculated by assuming O/O 2 equilibrium and latter extended to consider the "superequilibrium" of oxygen atoms following the method of Iverach et al. 6 The experimental test conducted to complement the numerical predictions of OJC reacting flow properties utilized stoichiometric proportions of premixed methane/air in both the main and jet streams. Temperature and chemical composition measurements were obtained at the OJC exit plane. Temperature measurements were made using a Pt/Pt-13% Rh thermocouple. Gas samples were extracted via a water-cooled stainless steel probe and conveyed through a heated teflon sample line to a packaged exhaust gas analysis system. The instrumentation console provides quantitative analyses of CO and CO 2 (NDIR), NO/NO X (chemiiuminescence), total hydrocarbons (FID), and O 2 (paramagnetic).
III. Results and Discussion

Cold Flow
The cold flow studies were conducted for the following test conditions: approach velocity-V m =1.62 m/sec; jet velocity-K y = 130 m/sec; temperature-T m = 7} = 294 K; and equivalence ratio-<j> m =(f>j =0.0. Experimental and predicted velocity profiles are presented in Fig. 2 . The predicted velocity profiles agree qualitatively with experimental results. The predicted location of the stagnation point differs substantially from the location indicated experimentally. The intense mixing processes occurring in the recirculation zone suggest employing a refined model of turbulence which allows the turbulence length scale to vary throughout the flowfield. A thorough evaluation is currently limited by the experimental uncertainty of measurements in the highly turbulent shear layer between the jet and the main stream and in the recirculation zone itself.
Results of the tracer studies of mass transport in a turbulent, nonreacting flow are shown in Fig. 3 . Although the reported trends are similar, the calculated tracer concentration profiles are quantitatively higher than those observed experimentally. These results demonstrate possible deficiencies in the mass exchange coefficient and more importantly in the simplified effective viscosity model used in the current study.
Reacting Flow
The conditions investigated for the reacting flow case were as follows: approach velocity-K m = 7.62 m/sec; jet 
